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Aba tract 

This  report  auBBarista  the  reaulta  of  ehcBlcal  analyaaa  of  individual 
ca^aa  of  nraQlpitation  saaplad  at  dlffi^rant  lofla^ioi^a^  The 
ahowad  a  great  variety  with  reapeot  to  altitude,  olisate  and  level  of 
industrial  and  anthropogeaeoua  pollution. 

Furthermore  detailed  analyses  and  continuous  records  of  the  trace- 
substance  concentration  during  individual  rainfalls  are  discussed.  The 
variations  of  the  concentration  during  the  course  of  the  rain  and 
their  relations  to  quantity,  intensity  and  types  of  rain  as  well  ao  to 
meteorological  parameters,  are  discussed. 

Finally,  preliminary  studies  on  the  incorporation  of  trace-substances 
into  cloud-  and  rain-drops  are  presented,  indicating  the  relative  im¬ 
portance  of  rainout  compared  to  washout. 


Introduction 

Cloud-  and  rain-elements  are  of  great  importance  for  the  removal  of 
trace-substances-aeroBols  and  gas- traces  -  from  the  atmosphere.  The 
continuous  increase  of  anthropogeneoue  and  industrial  emissions  into 
the  atmosphere  ir  meuiy  parts  of  the  world  but  also  the  presence  of 
radioactive  aerosols  lead  to  the  question  of  the  mechanism  responsible 
for  the  transport  of  these  trace-substances  from  the  atmosphere  back 
to  the  ground.  This  problem  is  also  important  for  considerations  on 
the  budget  of  trace-substances  in  troposphere  and  stratosphere* 

These  questions  lead  to  the  problem  of  investigating  rainout  and  wash¬ 
out  of  trace-substances.  Rainout  is  active  within  clouds  during  cloud- 
formation  and  oo  ilescence  of  drops  while  washout  is  active  below  the 
cloud-base.  Both  processes  Influence  considerably  the  tropospheric 
residence-time  of  aerosols  and  trace-gases. 


As  ifitroduotion  «•  want  to  proaeat  a  echoBatic  aurvay  indicatiaf  tho 
major  aourcaa  and  iinks  of  atadipharie  traoe^autatanoea  and  thair 
Qualitativa  budgat  in  tha  tropoaphare . 

Tha  majority  of  trace*aubata&caa  are  formed  at  the  earth-  and  the  ooean- 
turface. 

Fig.  1  gives  a  survey  showing  the  following  prooessea  responsible  for 
the  formation  of  gaaeat 

a)  Eoiasions  from  the  interior  of  the  earth,  the  earth  surface,  the 
ocean  surface 

b)  Microbiological  processes 

c)  Wood-fires 

d)  Vulcanic  eruptions 

e)  Assimilation  of  plants 

f)  Reactions  in  the  atmosphere 

The  following  additional  processes  lead  to  the  formation  of  aerosol- 
particles  j 

a)  Pornation  at  the  earth-  or  oceanic  surface 

b)  Combustion  processes 

c)  Exhalation  of  pine  forests 

d)  Formation  from  the  gas-phase. 

Vertical  wind-distribution  and  convective  processes  in  the  boundary- 
layer  carry  the  trace-substances  aloft  into  higher  layers.  This  leads 
to  a  more  and  more  even  distribution  of  the  concentration  with  altitude. 
The  general  circulation  of  the  atmosphere  favours  the  horizontal 
transport.  The  main  sinks  are  absorption  at  the  earth  surface,  uptake 
by  vegetation  emd  animals,  sedimentation  and  coagulation  of  particles 
and  last  but  not  least  incorporation  of  trace-substances  into  cloud- 
and  rain  droplets. 


Kegleotin^  horisont&l  transports  «o  can  write  the  budiget-equation  for 
ataospheric  traos-substances  after  Jnnge  (1)  in  the  following^  fonst 


p 

witht  K  •  turbulent  Blffueioaskoeffioient  (ca  /sec) 
n  =  particle-concentration  (om*^) 
a  »  washout  coefficient  (eec*^) 
b  »  ooagulation  constant  (ca^/sec) 

V  s  sediaentation  velocity  (cm/sec) 
z  *  altitude  (cm) 

The  first  term  describes  the  distribution  of  trace-substences  by  tur¬ 
bulent  mixing,  the  second  term  the  removal  of  trace-substances  from  the 
atmosphere  by  rainout  and  washout,  the  third  term  coagulation-process 
and  the  last  terra  the  sedinentaticn  in  the  gravity-field  of  the  earth. 
After  these  introductory  remarks  we  will  now  deal  with  rainout  and 
wach'jut  - 


The  mechanism  of  rainout  and  washout 

If  we  consider  the  effect  of  sedimentation  and  coagulation  as  of  se¬ 
condary  importance  compared  to  washout,  we  can  unite  the  budget-equatlcn 
in  the  following  form*  ^ ^ 

This  is  probably  justified  up  to  altitudes  of  5  kms,  Keasureoents  of  the 

trace-gas  concentration  which  were  recently  carried  cut  by  Jost  (2) 

4  5  2  / 

resulted  in  K-values  of  5  *  10  to  1  x  10  cm  /sec  for  altitudos  up  to 
2  kffis. 

With  these  K-values,  we  can  calculate  a  tropospheric  residence-time  of 
about  10  days  on  the  basis  of  the  tropospheric  distribution  of  Aitken- 
nuciei  as  measured  by  ’  eickmann  (5)»  For  SO2  the  measurements  by 


Gtorfli  and  Jost  rasaltad  in  a  tropoepbnrie  residenon-tine  of  4«>6  days, 
this  «e«Be  to  b«  the  olgiit  ordez  of  a&f&itudt  and  ohovs  that  ralnout 
and  vaihout  ara  of  great  inportance  for  the  reaoval  of  aerosols  and  gates 

In  Fig.  2  we  present  a  seheaatio  survey  on  the  different  prooesaes  leading 
to  the  incorporation  of  trace-substances  into  cloud-  and  rain-eleaents. 

We  have  tc  distinct  between  proceftsee  effective  within  the  cloud*  summa¬ 
rised  generally  ae  ralnout  and  those  effective  below  the  cloud  base 
during  the  fall  of  the  r&in-eleaents  through  the  cloud  free  tone*  referred 
to  as  washout Besides  the  incorporation  of  aerosols  we  have  to  consider 
the  absorption  of  gaseous  traces,  the  concentration  of  which  is  often 
about  five  to  fifty  times  higher  than  that  of  the  comparable  conponc'nts 
in  aerosols. 


A  certain  number  of  aerosol  particles  is  consumed  ae  condensation  nuclei 
during  the  first  stage  of  cloud-formation.  Only  particles  of  a  certain 
dize-range  will  act  ac  ccndensation-nuc’ el .  According  to  the  investi- 
fratious  by  Ifamanoto  and  Ohtake  (4)  and  by  Kuroiwa  (5)  the  fraction  cf 
particles  active  as  condensation  nuclei  becomes  smaller  with  decreasing 
srae.  The  following  figures  are  given  by  the  above-mentioned  authors r 


Radius  in  micron 

0. 1-0.2  0.2-0. 4  0.4-0. 6  0.6-1  1-2 

Percentage  of  particles  activated 

Yafrar.otc  &.  Ohtake  O.4  2  17  60  100 

Kuroiwa  0.2  I.7  15  24  100 


This  table  shows  that  only  the  giant  particles  are  fully  consumed  as 
condensation  nuclei. 


On  the  other  hand  particles  larger  than  10^u  radius  can  be  neglected  for 
the  processes  discussed  here  since  they  are  removed  from  the  atmosphere 
by  dry  fallout. 


2t  o«&  bs  finvrslly  rtsted  i;h»t  tha  awelMAlM  r^iaout  «Rd  c&sbdut  i« 
txtraacly  coaplea.  Ita  rata  of  affioiaaoy  deponda  on  tha  folloaiaf 
paraBataznt  ‘ 

a)  Fartiola«ai2a  and  cottceatratlon  of  the  aeroaoXe  praaant  in  tha 
atsoaphara 

b)  Size  and  nuaber  of  collecting  dropleta 

c)  Masa  of  soluble  coaponenta  in  tha  aerosola  and  the  ohanca  of  cheaieal 
reaction  in  tha  droplets 

d)  Absorption  from  the  gaa-phasa  and  irreversible  ineorporation  of  the 
gaseous  coaponenta  in  the  cloud*  and  raindrop 

e)  Supply  of  liquid  water  by  condensation  during  lifting  of  cloud>dropletE 

f)  Increase  of  the  concentration  in  the  droplets  caused  by  partial  eva¬ 
poration  during  the  fall  below  the  cloud-base. 

The  concentration  of  trace-substemces  in  rain  as  measured  at  the  ground 
is  in  first  approximation  proportional  to  the  total  supply  of  trace- 
subctances  into  the  clouds, 

inversely  proportional  to  the  liquid  water  content  of  the  clouds  and 
proportional  to  the  partial  evaporation  of  droplets, 

can  write 

c  -  concentration  of  trace-substances  in 
yug/m5 

L  a  liquid  water  content  in  gr/m^ 
coefficient 

»  consumption  of  condensation  nuclei 
^  s  attachment  of  particles  by  Brownian  motion 
=  attachment  of  particles  by  Faoy  effect 

Exact  values  for  ^  as  well  as  for  ^  and  are  not  known.  The 

following  approximations  are  valid t 

»  0.01  -  0.9  according  to  particle-size  and  to  composition  of 
particles. 


Following  Junge  (6)  we 


0  =  rainout 


f  •  OtOI  *  1 •© 


£  ^  o.ot 


According  to  tlieso  asouaptions  the  concentration  of  trace-8ubeta&c€8  in 
rainwater »  incorporated  by  the  effect  of  rainout  should  be  independant 
of  the  quantity  of  rain*  It  will  be  shown  in  a  later  chapter  of  this 
report  that  these  assumptions  are  ccnfinned  by  measureoents .  Before  we 
go  into  details  with  respect  to  rainout •  our  theoretical  considerations 
will  be  extended  to  the  washout  process* 

The  total  concentration  of  trace-substances  in  rain  incorporated  by 
rainout  and  washout  can  be  written  as: 

K  «  K  +  f K 

r  w 

The  factor  f  ^  1  indicates  the  increase  of  concentration  due  to  partial 
evaporation. 


aooordis^  to  pastiole-aisa.  The  hosffioloat  of 
fftaotooBt  inoreasea  with  deoreaBlng  sice  of  the 
partloles  according  to  the  theory  by  Saoluchoweki. 
I'py  paytlole^ 


In  thia  oonneotion  attention  is  directed  to  our 
diecutalon  in  Annual  Rep.  No.  3t  According  to 

Coldeffiith*  Ealafield  and  Cox  (?)  the  Facy-effect 
ie  very  ineffective. 


The  amount  of  trace-substances  removed  from  the  atmosphere  by  washout 
1 

IS  equal t 


N^^Nrr 


number  of  raindrops 


r  ■  radius  of  raindrops 

h  -  distance  from  the  earth  surface  to  the  cloud  base 
«  time  of  fall 

£  •  collection  coefficient, 

c 


Substituting  the  concentration  of  trace-substances  between  ground  and 
cloud-base 


4 

*> 


«e  reetivet 


oc  « 


Cor  the  total  OBoust  of  traoe-ottb»t«aoe»  which  will  he  resowed  by  weeh* 
out.  Conaequently,  we  receiwe  for  the  concentration  which  will  accu- 
aulate  in  rainwater  by  wash  out  when  the  quantity  R  of  rain  falls t 


;?*|rr^/vr 


=  quantity  of  rain 
7"  •  duration  of  rain 


For  large  quantities  of  rain  the  exponential  term  becomes  less  important 
and  the  concentration  of  trace-substances  in  rain  becomes  inversely  pro¬ 
portional  to  the  amount  of  rainfall.  This  is  also  confirmed  by  measure¬ 
ments  . 


Comparison  with  actual  measurements  is  very  difficult  since  and  S 
are  not  well  known.  Particularly  a  separation  of  the  effect  of  rainout 
and  washout  is  difficult.  In  a  later  chapter  some  results  regarding  this 
problem  will  be  presented. 

The  coefficient  of  efficiency  of  washout  depends  also  on  the  particle- 
size  of  the  atmospheric  aerosols  but  as  well  on  the  ratiot  droplet  size 
of  raindrops  to  particle-size  of  aerosol-particles.  The  following 
approximate  values  can  be  assumed: 

•  1  for  particles  larger  than  lO^u 

0.5  for  particles  larger  than  5 

0.2  for  particles  larger  than  2yu 

Besides  aerosols,  trace  gases  are  being  incorporated  into  cloud  and 
precipitation-elements.  It  is  evident,  that  only  such  gases  are  of 
interest  in  this  connection  which  react  with  other  partners  in  cloud- 
water.  In  this  connection  the  reaction  of  KH^  and  SO2  in  cloud-droplets 
has  to  be  mentioned  which  was  recently  investigated  by  Sason  and 


Sstia&tions  on  rainout 

In  order  to  calculate  the  concentration  of  atmospheric  trace-anhstanceB 
incorporated  into  cloud-elements  we  follow  W.  Jacobi  (9)  in  his  compu¬ 
tations  on  the  incorporation  of  radioactive  aerosols  into  oloud-droplats- 
He  based  his  computation  on  a  droplet-size  distribution  for  Stratus 
according  to  Houghton  (l0)  and  for  Cumulus -clouds  according  to  aufm  Kampe 
(ll).  The  droplet-size  distribution  is  presented  in  Fig,  5, 

If  we  assume  the  life-time  of  a  Cumulus-cloud  being  1  hour  and  if  we 
assume  under  the  application  of  the  Soolachowski- theory,  the  absorption- 
coefficient  being  1.0  we  find  that  within  one  hour 

>'  of  the  particles  of  the  size;  r  =  10  ^cm 
10  ^3  of  the  particles  of  the  sizes  r  =  10  ^cm 

are  attached  to  the  cloud  elements.  However  we  have  to  bear  in  mind  that 

-5 

only  particles  larger  than  10  cm  radius  increase  the  substance  in  the 
droplet  considerably. 

In  a  b *:ratus-cloud  the  same  percentage  of  attachment  of  particles  of  the 
atmospheric  aerosols  is  reached  only  after  2  1 /2  hours  (Fig.  3). 

The  increase  of  substance  in  the  droplets  caused  by  the  incorporation 
of  condensation  nuclei  and  the  attachment  of  particles  can  be  calculated 
in  the  following  way:  The  quantity  of  substance  incorporated  by  a  con¬ 
densation  nuclei  of  r  =  10”^cm,  which  is  completely  soluble  is  about 

5  to  6  X  10  gr  according  to  density-  If  the  radius  is  only  5  10  cm 

-13  -12 

the  quantity  of  substance  incorporated  amounts  from  6x10  gr  to  1.2  x  10  gr. 
For  the  Cumulus-cloud  the  following  parameters  are  valid: 

Liquid  water  content:  4  gr/m^ 

Average  droplet  radius:  r  •=  20^u 
Humber  of  droplets:  120/ccm 


r  »  10“^cai  JOOO/cca 
r  ■  10*^oBi  lOOO/ooB 

Quantity  of  substance t 

(r  -  10“^c«)  S  •  ^0/oc»  1.2  X  10“^^«r/oca  to  2  x  10*^^ia:/oea 

(r  -  10"^cm)  N  -  lOOO/ccm  4  x  10“  gr/ccm  to  8  x  10*  gr/cc» 

Particles  of  I0*°cm  are  completely  attached  to  the  cloud  droplets  within 

1  hour.  The  contribution  of  substance  to  each  of  the  120  droplets/ccm 
-17 

is  about  1.7  x  10  Vr  per  droplet. 

— ’i 

10  ^0  of  particles  of  10  "'em  radius  are  attached  to  cloud  droplets  within 
1  hour.  That  means  100  particles  are  attached  to  100  of  the  120  droplets. 
The  contribution  of  substance  is  about  4  x  10  ^  per  droplet. 

Ccraparing  these  figures  with  those  of  substance  brought  into  the  droplets 
by  condensation  we  see  that  the  contribution  of  rainout  is  small. 

We  can  furthermore  assume  that  10  ^4  of  the  total  substance  of  the  aerosols 
consists  of  sulfate.  Then,  rainout  contributes  4  x  lO'^^gr  SO^  to  each 
droplet . 

With  an  average  radius  of  20yu,  10^^  droplets  form  1  Itr  of  cloud  water. 

Our  estimates  show  that  rainout  contributes  0.5  substance  or  0.05  mgSO^ 
to  each  litre  of  cloud  water  while  during  condensation  6  to  30  mg  S0^“/ltr 
had  been  incorporated  into  the  cloud  water.  These  rough  figures  su^^gest 
that  the  condensation  process  is  of  greater  importance  for  atmospheric 
chemistry  than  rainout.  Under  optimum  condition,  in  the  presence  of  a 
large  number  of  large  particles  the  amount  of  substance  incorporated  by 
rainout  may  be  equal  to  that  incorporated  by  the  condensation  nuclei. 

We  are  now  going  to  extend  these  considerations  to  the  incorporation  of 
gaseous  traces  into  cloud  droplets.  Ueasurements  of  the  concentration  of 
gas  traces  by  aircraft  ascents  were  carried  out  recently  for  the  first 
time  (Jost  (2)).  In  the  course  of  these  investigations  we  found  that  the 


-  10  - 


In  a  cloud  with  a  droplet  concentration  of  1207ccra  an 

amount  of  8.4  x  lO'^^gr  SO2  could  he  incorporated  in  each  droplet  under 

the  aesui&ptlon  of  the  incorporation  efficiency  hein^^  1.  This  would  aean 

that  in  10^^  droplets  •  1  Itr.  cloud  water  8.4  r  10“^gr  SOo  equal 

1,5  X  10“  gr  SO.”"  would  be  incorporated. 

4 

We  cannot  expect  that  the  absorption  efficiency  of  gases  into  droplets 

is  1.0  but  also  if  we  aseuee  a  collection  efficiency  of  only  0.1  the 

•5 

amount  of  SO2  incorporated  will  still  be  8  x  10  gr  SC^  per  droplet  and 
is  therefore  higher  by  a  factor  of  10  compared  with  the  substance  in¬ 
corporated  by  aerosols. 


Incorporation  of  trace-gases  leads  therefore  to  an  increase  of  the  50^- 
concentration  in  cloud  water  by  1,5  mg/ltr.  This  seems  quite  plausibel. 
Therefore  the  gas  phase  must  not  be  disregarded  concerning  its  importance 
for  the  transfer  of  substance  into  cloud-elements  by  rainout.  Quantita¬ 
tive  data  on  the  efficiency  of  incorporation  of  gas-traces  into  cloud- 
and  rain  elements  are  completely  missing.  Laboratory  experiments  in  this 
direction  are  carried  out  by  the  authors  of  this  report  presently. 


With  regard  to  the  efficiency  of  washout  below  the  cloud-base  it  must 
be  mentioned  that  its  efficiency  is  influenced  very  much  by  the  vertical 
distribution  of  atmospheric  trace-substances  as  well  as  by  drop-size 
distribution!  particle  size  distribution  of  the  aerosols  and  intensity 
of  rainfall.  The  importance  of  washout  for  the  total  concentration  of 
trace  substance  in  rainwater  will  increase  in  areas  with  high  pollution 
leading  to  eni  accumulation  of  trace-substances  near  the  ground.  Experi¬ 
mental  results  on  the  order  of  magnitude  of  the  washout  coefficient  for 
trace-gases  are  not  known.  Measurements  under  atmospheric  conditiono  are 
very  difficult  to  carry  out  owing  to  the  heavy  fluctuation  of  the 
different  parameters.  We  have  therefore  started  laboratory  experiments! 
using  the  setup  shown  in  Pig.  4.  A  mixture  of  pure  air  and  air  con¬ 
taining  a  constant  and  known  concentration  of  a  trace-gas  (SO2,  NO2 

or  others)  will  be  drawn  through  a  rainout-chamber  holding  1|5  air. 
The  gas-concentration  will  be  checked  before  entering  the  chamber  and 


Beeidea  checking  the  gea-oonoentx^tiont  the  aceunulatlon  of  aubetance 


in  the  water  used  for  the  “artificial  rain”  in  the  chamber  will  be 


continuously  measured.  From  the  data  received  in  this  wayt  the  absorption 


coefficient  for  gases  can  be  determined. 


Objectives  of  the  present  investiCTtion 

The  previous  statements  show  clearly  that  the  mechanism  of  rainout  and 
washout  is  very  complex  indeed  and  depends  on  a  large  number  of  different 
physical  and  chemical  parameters.  The  Investigations  described  in  this 
report  had  the  objective  to  separate  the  different  processes  by  experi¬ 
mental  methods.  It  therefore  appeared  sensible  to  deal  with  the 
following  questions! 

1)  What  is  the  contribution  of  rainout  i.e.  of  the  processes  taking 
place  within  the  cloud  and  of  washout  i.e.  of  the  processes  taking 
place  below  the  cloud  base  during  the  lail  of  raindrops,  to  the  total 
concentration  of  trace-substances  in  precipitation? 

2)  What  is  the  contribution  of  gaseous  traces  and  of  aerosols  to  the 
total  concentration  of  trace- substances  in  precipitation? 

3)  Does  there  exist  a  relation  between  quantity  and/or  intensity  of 
precipitation  and  the  concentration  of  trace-substances  in  rainwater? 

4)  In  what  way  does  the  concentration  of  trace-substances  fluctuate 
during  the  course  of  rain  in  individual  rainfalls? 

5)  How  important  is  partial  evaporation  of  falling  raindrops  for  the 
concentration  of  trace-substances  in  rainwater  measured  at  the 
ground? 


The  chsBical  ooipoaitioo  of  individual  ralafalla 

Vlthin  the  frase  of  the  present  Investigation  chesical  analjses  of 
individual  rainfalls  were  carried  out  at  several  locations  in  different 
altitudes  and  in  regions  with  a  different  level  of  pollution*  These 
investigations  were  carried  out  at  the  following  locations  during  the 
periods  of  time  stated# 

Premkfurt/ll  -  Department  of  Meteorology  (1956-1957»  196O-1962) 

Taunua observatory  on  Mt,  Kleiner  Peldberg,  800  mtrs  altitude  (1950-1957> 

1960- 1961) 

Zugspitz  observatory*  Bavarian  Alps*  2966  mtrs,  altitude  (l957*  195Q* 

1961- 1962) 

St.  Moritz,  Switzerland,  1800  mtrs.  altitude  (196O,  1961 ) 

Mt,  Corviglia,  near  St.  Moritz,  2500  mtrs.  altitude  (1961) 

Island  of  Capreia  in  the  liediterreanean  Sea  (1962). 

During  summer  1965  and  summer  1964  chemical  analyses  were  carried  at  four 
stations  in  Austria  in  different  altitude  but  at  a  very  short  horizontal 
distance.  These  four  stations  are  located* 

Innsbruck  -  Department  of  Meteorology  550  mtrs.  altitude 

Hungerburg  850  mtrs.  altitude 

Seegrube  1800  mtrs.  altitude 

Hafelekar  2500  mtrs.  altitude 

The  investigation  at  these  stations  are  related  to  our  research  on  the 
budget  of  trace- substance 8  in  rain. 

Methods  of  Analysis 

The  precipitation  was  sampled  in  specially  designed  raingauges  made  of 
glass.  The  dimensions  of  these  were  in  agreement  with  the  stajidard  rain- 
gauge  of  the  German  ’’/eather  Service.  Funnels  and  sampling-glasses  were 
cleaned  daily  with  distilled  water.  After  sampling,  the  rainwater  was 
filtered  but  not  concentrated.  The  analysis  of  the  different  compounds 


was  carried  out  according  to  the  iostructlons  deacrlbed  in  our  Anaual 
Beport  Ho  If  July  19^0> 

HH*t  The  NH --concentration  waa  determined  by  adding  1  ad, of  Kessler 

4  4 

reagent  and  1*1  of  a  solution  of  Seignette  salt  to  10  *1  rain¬ 
water.  The  resulting  color  wae  coapared  in  a  Eppendorf  ^oto- 
meter  with  those  of  standard-solutions* 

M02i  The  N02-concentration  was  determined  in  a  similar  way  by 

adding  1  ml  reagent  GrleB-Ilosvay  to  10  ml  rainwater. 

For  the  determination  of  the  nitrate  component  the  rainwater 
was  treated  with  sulfuric  acid  and  chloroform  solution  of 
Brucin-alkaloid.  The  concentration  was  measured  by  comparing 
with  standards. 

For  determination  of  the  SO^-concentration  the  slightly 
changed  emalysis-method  by  Kelly  end  Rogers  was  applied.  The  tur¬ 
bidity  of  the  solution  was  measured  in  the  Bppendorf-photo- 
met.rr  after  attaching  a  nephlometer. 

Na,Ca,K  were  determined  by  flame-photometric  analysis  applying  an 
Eppendorf -flame  photometer. 

Besides  the  determination  of  the  above  mentioned  components  it  was  of 
importance  to  measure  the  acidity  of  rainwater,  the  pH-value  and  the 
electrolytical  conductivity.  For  discontinuous  measurements  of  pH-value, 

W6  used  an  pH-meter  type  WTW-59N  and  for  discontinuous  measurements  of 
electrolytical  conductivity  an  instrument  type  WTW-BBR, 

The  electrolytical  conductivity  of  rainwater  is  a  good  indicator  for  the 
total  concentration  of  ions  and  by  this  for  the  total  concentration  of 
inorganic  compounds  dissolved  in  rainwater. 

Parallel  investigations  of  the  electrolytical  conductivity  and  the  s\ui 
of  cations  (NH^*  +  Na'*’  +  resp.  the  sum  of  anions  (SO^”"  +  Cl  4 

HOj*’)  analyzed  separately  show  that  there  exists  a  strong  correlation 
between  analysis  and  measurement  of  the  conductivity.  This  correlation 


froB  April  I96I  to  March  1962.  Fig.  5  showe  the  correlation  between 
electrolytical  conductivity  and  iona  analyzed  in  rainwater.  A  certain 
range  of  fluctuation  suet  be  expected  since  the  ions  analyzed  are  only 
a  linited  eeleotion  of  the  total  number  of  oompoaente  dissolved  in  rain¬ 
water.  It  oust  also  be  expected  that  the  range  of  fluctua\;ion  increases 
with  increasing  electrolytical  conductivity. 

Generally  the  electrolytical  conductivity  (ac)  is  the  inverse  value  of 


the  resistance 


1  is  the  distance  of  the  electrodes,  q  the  size  of  the  electrodes.  These 
arc  instrument-constants.  The  electrolytical  conductivity  depends  further 
more  of  > 

1)  the  concentration  of  ions  in  the  solution 

2)  the  mobility  of  ions 

3)  the  electric  charge  which  is  carried  by  each  ion 

4)  the  temperature  and  the  viscosity  of  the  solution 

The  concentration  of  ions  depends  on  the  quantity  of  matter  dissolved  and 
coefficient  of  dissociation  a 

number  of  ions 

number  of  molecules  dissolved 

The  so-called  Ostwald-law  determines  the  relation  between  quantity  of 
the  dissolved  matter  and  grade  of  dissociation  with  the  understanding 
that  very  dilute  solutions  have  a  high  grade  of  dissociation.  As  an 
example  0.001  molar  solutions  of  HCI,  H2S0^,  HNOy  KCl,  NaC 1,  (NE^)2S0^ 
have  a  dissociation-coefficient  of  0.9  or  above.  For  the  ion-concen¬ 
tration  to  be  expected  in  rainwater  the  coefficient  of  dissociation  is 
close  to  1.0. 


The  electrolytical  conductivity  can  be  written  in  the  following  way* 


n  =  number  of  ions 
u  =  mobility  of  ions 


ioos  la  mg/X 

0.28  0.60 

These  values  are  taken  froA  a  paper  by  Slksna  (l2)«Osia^  to  their  high 
fflobility  the  concentration  of  ^ydrogeniona  deserves  special  attention 
since  a  concentration  of  only  0.0052  mg/l  is  equivalent  1  yruS/c®,  The 
relation  between  pH>value  and  electrolytical  conductivity  is  laid  down 
in  Pig.  6.  The  values  given  therein  are  valid  for  a  temperature  of  18^0. 
Since  the  mobility  of  ions  depends  of  the  temperature,  temperature  in¬ 
fluences  the  electrolytical  conductivity.  The  mobility  is  also  inversely 
proportional  to  the  radius  of  ions.  This  is  the  cause  for  the  fact  that 
different  ions  furnish  differing  contributions  to  the  total  electroly¬ 
tical  conductivity  of  a  solution. 


The  following  table  shows  the  oonoentrations  of  different 
equivalent  of  an  electrolytical  conductivity  of  1 yoS/ea. 

N0j“  Cl“  ^^3””  2^4  ~ 

1.0  0.54  0.45  0.65  0.53  0.38 


Results  of  measurements 

The  chemical  analysis  of  the  concentration  of  tracer-substances  in  pre¬ 
cipitation  during  1956  and  1957  in  Prankfurt/l£  showed  the  following 
results* 


We  found  as  average  of  89  individual  rainfalls* 


NH.  NO,  N0„  SO.  Cl 

4324 
5.8  3.6  0,2  15.0  5.4  mg/l 


Details  were  given  in  our  Annual  Report  No  1 ,  July  i960.  As  already 
mentioned  similar  analyses  were  carried  out  in  Prankfurt/Main  during 
1960  and  1961.  As  average  of  158  individual  analyses  we  received  the 
following  data* 


NH.  NO,  SO.  Cl 

4  5  4 

5.2  2.8  16.3  3.9 


65.4 /uS/ 


cm 


Na 

1.1 


Ca 

1 . 9  mg/l 


• 


I>urin£  1960  and  196I  the  sane  type  of  inirestigatioa  vas  carried  out  at 
Langen,  a  small  town  about  20  kas  from  Frankfurt.  ?he  average  values  out 
of  50  individual  cases  arei 

MOj  SO^  Cl  Ka  Ca  % 

3,9  2,6  15*5  6«7  1.4  «§/l  45^’»S/cffi 

From  March  to  December  1957  66  analyses  of  individual  rainfalls  were  carried 
out  on  Taunus  observatory  oni  Mt»  Kleiner  Feldber^.  The  average  values  are 
the  following: 


kvQT&ge  of  quantity 
of  rain 

HH. 

4 

NOj 

SO4 

Cl 

9.8  mm 

1.6 

2.1 

5.3 

1 .8 

Details  wore  given  in  Annual  Rep.  No  1,  July  I960.  These  measurements 
were  repeated  during  I96O.  The  following  average  values  were  gained  as  the 
result  of  the  analysis  of  9I  cases: 

NH.  HO,  SO.  Ka  Ca 

4  5  4 

1r4  2.6  4.S  1.5  1,2  mg/1  38.5^uS/cm 

On  the  summit  of  the  3ugapitze  13  analyses  of  precipitation  were  carried 
Out  during  summer  If-'j'?.  During  I960  to  1962  within  the  frame  of  a  larger 
research-program  156  analyses  of  individual  rainfalls  were  performed. 
Details  of  this  alpine  program  were  published  by  Georgii  &  Webor  (13)  as 
well  as  by  Weber  (l4)- 


The  average  result  of  the  1 5  meat 


Average  of  quantity 

NR 

NO  5 

of  rain 

•t 

7.5  mb 

1 .0 

0.8 

ements  made  during  summer  1957  is: 

SO.  Cl 

4 

2.1  1.6  mg/l 


The  average  result  of  156  measurements  made  during  I960  to  1962  is: 


NH^  MOj  SO^  Na  Ca 

1.2  0.8  1.5  1.1  1.6  og/l  44yuS/ca 


When  we  nom&lise  the  reauXts  gained  at  Frankfurt  during  1957  and  during 


1960/61  in  the  following  way  that  the  ] 
we  receive  the  following  relations* 

Frankfurt 

-results  are 

equal 

1.0 

Fraiycfurt/i 

SB. 

4 

NO^ 

SO, 

Cl 

Ha 

Ca 

% 

1957  resp.  1960  to  1961 
Taunus  observatory 

1.0 

1.0 

1.0 

1,0 

1.0 

1.0 

1.0 

1957  measurements 

0.45 

0.48 

0.36 

0.54 

- 

- 

1960/61  measurements 

0.54 

0.95 

0.27 

1,2 

0.63 

0.60 

Even  under  the  consideration  that  the  total  susoiuit  of  precipitation  on 

the  faunus  ridge  is  nearly  twice  the  amount  measured  in  Frank furtt  the 

relative  concentration  of  trace-substances  in  rainwater  in  Franffurt  is 

also  considerably  higher  when  calculated  on  the  basis  of  assumed  equal 

amounts  of  rainwater  at  both  stations.  The  UH.-  and  NO, -concentration 

4  > 

on  the  Taunua  ridge  is  about  20  lower  than  at  Frankfurt,  the  SO^-  and 
Cl-concentrations  are  35  to  40  ^  lower.  Prom  these  results  it  can  be 
assumed  that  the  additional  portion  of  trace- substances  measured  at 
?rankfurt/M  must  have  been  incorporated  into  the  rain  elements  in  the  air 
layer  between  800  mtrs.  altitude  and  the  Main  valley  in  100  mtrs.  altitude. 


Relation  Frankfurt  -  Taunus  observatory  -  Zugspitze 

During  summer  1957  measurements  of  chemical  constituents  in  rainwater  were 
carried  out  at  the  above-mentioned  three  stations  simultaneously. 

If  we  normalize  the  concentration  of  trace-substances  found  in  precipi¬ 
tation  in  that  way  that  the  Frankfurt-concentration  is  equal  1,  the 
fallowing  relations  are  found* 


NH. 

4 

NOj 

SO, 

Cl 

Prankfurt/M 

1  ^ 

1.0 

1.0 

1.0 

Taunus  observatory 

0.57 

0.71 

0.42 

0.40 

Zugspitze 

0.37 

0.20 

0.26 

0.29 

on  the  2ug8pit2e  represents  acre  or  less  that  of  larger  cloud-elements 
Binoe  the  summit  of  Zugspitze  is  within  clouds  when  it  rains. 


Relationa  between  atmospheric  trace-substances  and  the  chemistry  of 


In  a  recent  paper  (Georgii  (l5))  we  have  compared  simultaneous  measure¬ 
ments  of  gaseous  traces*  aerosols  and  chemical  constituents  of  rainwater. 
This  research  was  carried  out  at  four  locations  in  different  altitudes 
(Frankfurt /Ml  altitude*  100  mtrs.»  Taunus  observatory,  altitude*  800  rotrs., 
St.  Moritz/Switzerland*  altitude  1800  mtrs.  and  Zugspitze,  German  Alps, 
altitude*  2960  mtrs.).  It  must  however  be  mentioned  that  the  horizontal 
distance  from  Frankfurt  to  the  alpine  stations  is  considerable.  Therefore 
an  exact  comparison  of  the  results  gained  at  these  four  stations  is  not 
possible.  The  following  summary  of  the  results  is  only  a  more  schematic 
survey.  We  have  plotted  in  Fig,  7a  and  7b  a  vertical  distribution  of  the 
concentration  of  and  NO^-components  analyzed  in  rain,  in  aerosols  and 

as  trace-gas.  We  have  also  entered  the  number  of  large  nuclei  (dashed  line) 
The  concentration  is  entered  in  a  logarithmic  scale,  the  altitude  in  a 
linear  scale.  Fig.  7a  shows  that  the  decrease  of  in  aerosols  follows  an 
exponential  function  and  parallels  the  decrease  of  the  n\unber  of  particles. 
This  results  permit  the  conclusion  that  the  HH^-concentration  is  distri¬ 
buted  equally  in  the  aerosol-particles,  independant  of  the  altitude.  This 
is  a  further  indication  for  the  general  presence  of  in  the  continental 
aerosols.  S  and  W  indicate  the  range  of  fluctuation  between  summer  and 
winter.  The  following  fact  is  also  of  importance.  The  decrease  of  gaseous 
HHj  emd  of  the  NH^-concentration  in  rain  run  almost  parallel.  With  respect 
to  the  NO ^-distribution  Fig.  7b  shows  that  between  Frankfurt,  Taunus  obser¬ 
vatory  and  St.  Moritz  the  decrease  of  the  concentration  in  aerosols  is 
proportional  to  the  decrease  of  numbers  of  particles.  In  contrast  to  that 
on  the  Zugspitze  a  higher  concentration  was  found.  The  concentration  of 


gaseous  90^  is  also  hi|^«r  or  the  Zugspitze  than  at  St.  Moritz. 

This  is  in  agreeneRt  with  results  gained  hy  Weber  (14)  that  the  trace- 
substance  concentration  is  generally  higher  north  of  the  main  ridge  of 
the  Alps  than  south  of  the  alp«.  Intensive  precipitation  in  the  luv  of 
the  alpa  contribute  to  a  deoreaae  of  co&oentration. 

The  relatively  content  vertical  distribution  of  gas  traces  in  higher  layers 
of  the  troposphere  has  important  consequences  for  precipitation-chemistry. 
The  significance  lies  In  the  fact,  that  the  supply  of  gaseous  traces  is 
greater  than  that  of  aerosol-particles  in  layers  where  the  formation  of 
precipitation  takes  place. 

Aircraft  ascents  of  the  vertical  iistribution  of  SOj  and  NO2  up  to  6000  otrs 
showed  that  in  altitudes  above  2000  mtrs.  the  concentration  does  not 
decrease  very  much  but  remains  more  or  less  constant  (Jost  (2)).  Investi¬ 
gations  carried  out  by  Junge  in  Hawaii  (16)  came  to  similar  results.  Also 
Junge  found  a  much  stronger  decrease  of  the  aerosols  compared  with  that 
of  the  trace-gases.  According  to  these  findings  the  importance  of  trace- 
gases  increases  with  increasing  altitude. 


On  the  distribution  of  different  components  in  rainwater 

Ratio  HH  /so. 

_ _  _ a 

According  to  Junge  (6)  a  considerable  portion  of  the  continental  aerosol- 
particles  consists  of  (MH^)2S0^.  According  to  van  den  Heuvel  and  Mason  (8) 
asmaonium  -sulfate  particles  can  be  formed  when  water  droplets  evaporate 
which  had  been  exposed  to  air  containing  gaseous  sulfur-dioxide  and 
ammonia,  is  therefore  suggested  that  the  concentration  of  SO^  and 
in  cloud-  and  raindrops  is  directly  related  to  the  capture  of  ammonium- 
sulfate  particles  or  to  the  gaaphase-diffusion,  followed  by  chemical 
reaction  at  the  surface  of  the  droplet  and  diffusion  in  the  liquid  phase. 

As  result  of  our  measurements  we  foxmd  the  following  HH^/SO^  ratios  in 


rainwater! 


-  20  - 


Taunus  observatory!  SH^  ■  0,32  SO^ 

55ug8pitse  NH^  «  0,37  SO^ 

theoretical  (NH,)-30.i  NH,  *  0.57  SO. 

4  «  4  4  4 

In  unpolluted  areas  the  ratio  t  30^  is  in  good  agroeaent  vith  the 
ratio  to  be  expected  in  (BE^)2S0^,  In  polluted  areas  SO^  is  in  surplus 
concentration  due  to  the  sulfur  production  by  human  activity. 


Ratio  N0,/S0, 
_  y  4 


The  SO^  surplus  found  in  precipitation  in  polluted  areas  becomes  also 

KO, 


evident  when  we  consider  the  ratio  NO^/SO^.  We  can  presuppose  that 
is  not  a  pollutant  to  the  same  extend  as  SO^.  Comparing  the  ratio 
NO^/SO^  in  precipitation  and  in  aerosols  we  find  that  the  fraction  of 
NOj  increases  in  rain  and  in  aerosols  from  polluted  to  unpolluted  areas 


location 


N03/S0^ 


in  precipitation 


NO^/SO^  in  aerosols 


Frankfurt  -  winter 

0.16 

0.17 

Frankfurt  -  summer 

0.41 

0.23 

Taunus  observatory 

0.40 

0.44 

Zugspitze 

0.53 

0.56 

St.  Moritz 

0.90 

0.66 

The  low  SO^-content  in  precipitation  in  St.  iioritz  is  remarkable. 


Concentration  of  trace-substances  in  continuous  raita  and  showers 

A  distinction  of  all  cases  of  precipitation  in  showers  and  cases  of 
continuous  rain  (connected  with  slow  up-slide  motion  in  the  atmosphere) 
shows  the  following  results i  In  this  evaluation  we  have  only  considered 
cases  with  more  than  2  mms.  rain.  Furthermore  we  have  normalized  the 


cases  of  the  two  categories  to  equal  quantities  of  precipitation  in  order 
to  exclude  diffarences  of  the  traee-substanoe  oonoeatration  due  to  diffe* 
rent  quantities  of  rain.  The  average  values  for  the  iwriod  July  1956  to 
December  1957  are  given  below i 

Type  of  average  Concentration  in  «g/ltr. 


precipitation 

quantity 
of  rain 
in  mms 

NH. 

4 

NO^ 

SO. 

4 

Cl 

Nob.  of  cases 

shower 

11.5 

2.5 

2.5 

7.2 

2.0 

21 

continuous  rain 

11.5 

2,2 

2.1 

15.4 

1.7 

44 

Fig.  8  shows  the  results.  In  the  case  of  NH^,  NO^  and  Cl  there  exists 
practically  no  difference  between  the  two  types  of  precipitation.  In  the 
case  of  SO^  the  concentration  in  continuous  rain  is  nearly  twice  the 
concentration  in  showers. 

Continuous  rain  has  generally  less  intensity  than  showers.  Investigations 
of  the  droplet  size  of  rain  produced  in  layer-clouds  show  a  diameter  in 
the  Tinge  0.2  to  1.2  mms.  The  average  drop-size  in  showers  is  however  2 
to  3  mms.  The  high  SO^-concentration  can  certainly  be  explained  by  the 
slew  fall-velocity  of  small  drops  and  their  longer  residence  time  in  the 
ground-layer  of  the  atmosphere  with  its  high  level  of  sulfur  pollution. 
The  other  components  analyzed  are  much  more  even  distributed  within  the 
atmosphere  and  not  accumulated  within  the  ground-layer  as  the  sulfur- 
component  is.  Therefore  a  longer  residence  of  the  drops  in  the  gro^ind- 
layer  is  not  so  effective  with  respect  of  increasing  the  concentration  of 
the  other  components  in  the  drops. 


The  effect  of  dry  periods  on  the  concentration  of  trace-substances  in  rain 

In  order  to  evaluate  the  influence  of  the  supply  of  trace-substances  in 
the  atmosphere  on  the  concentration  of  the  same  components  in  precipita¬ 
tion  we  have  distributed  the  cases  of  rainfall  analyzed  in  Prani.furt  and 
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<1^  ¥^iilra0 
following  view-point t 


i^y  auuiiHilag  iiu 


Croup  I  t  contains  cases  of  rainfall  after  a  period  of  at  least  5  dry 
days  previous  to  the  rainfall  concerned 


Group  II  s  contains  cases  of  rainfall  after  a  period  of  not  more  than  12 
hours  without  rein  previous  to  the  rainfall  concerned 


Average  values  for  Frankfurt 

Category  Average  quantity  Concentration  in  Kos.  of 

of  rain  nig/l  cases 

NH,  NO,  SO,  Cl 

_ 4  ?  4 _ 

I  6,2  mia  4.5  4*9  25.0  5.6  18 

II  5,5  mm  2.0  2.4  10.5  2.8  40 

The  same  evaluation  was  made  for  the  Taunus  observatory. n'o:'  on  that 
station  the  average  quantity  of  rain  of  the  cases  in  group  I  and  II  shorred 
great  differences  (6.8  mms.  in  group  I  and  12.1  mms.  in  group  II)  we  have 
related  the  values  of  concentration  of  trace-substances  of  both  groups  to 
the  average  quantity  of  all  cases  which  is  9.9  mm.  With  this  transfor¬ 
mation  we  receive 


Average  values  for  Taunus  observatory 

Category  Average  quantity  Concentration  in  Nos.  of 

of  rain  mg/l  cases 

NH,  NO,  SO,  Cl 

_ _ i _ i _ 

I  9,8  mm  2.4  2.9  6.5  1.6  d 

II  9,8  nun  1.3  1.8  4.7  1.0  2? 


We  see  that  the  concentration  of  trace-substances  in  rain  is  considerably 
higher  when  the  rainfall  occured  after  a  period  of  dry  days  and  the  rain- 


water  ie  much  more  dilute  when  the  dry  spell  between  two  cases  of  rain¬ 
fall  was  12  hours  or  less.  Ve  also  note  that  the  difference  Is  greater 
in  Frankfurt  than  on  the  Taunus,  The  increased  concentration  after  ex¬ 
tended  dry  periods  is  caused  by  the  following  facts t 

1)  Accumulation  of  contaminants  in  the  ground  layer  of  the  atmosphere 
during  the  dry  period, 

2)  High  number  of  condensation  nuclei  at  the  level  of  the  cloud- base 
leading  to  the  formation  of  mcmy  small  cloud  elements, 

3)  Low  relative  humility  in  the  cloud-free  zone  below  the  cloud  base 
leading  to  partial  evaporation  of  the  drops  during  their  fall  through 
the  cloud-free  zone  and  increasing  the  concentration  of  trace-substances 
in  the  drops  by  this. 


Co"ip^rison  of  the  concentration  of  trace-substances  in  rain  and  snow 

In  our  Annual  Report  Ho  1 ,  July  i960  we  have  compared  the  results  of  the 
analysis  of  11  cases  of  snowfall  emd  38  oases  of  precipitation  from  the 
period  November  1956  to  May  1957-  A  similar  investigation  was  carried 
out  from  November  I96I  to  February  1962.  11  cases  of  precipitation  were 
compared  with  11  cases  of  snowfall.  The  results  are  shown  in  Fig.  9* 

Column  a  represents  the  average  concentration  of  trace-substances  in 
snow,  column  b  the  average  concentration  in  rainwater.  Since  the  quantity 
of  rainwater  of  the  11  snowfalls  (average  2.8  mm)  is  lower  than  that  of 
the  rainfalls  (average  6.7  mm)  the  concentration  of  trece-substances  in 
rain  was  transformed  to  one  belonging  to  a  quantity  of  rain  of  2.8  mms 
(applying  the  relation*  concentration  »  const,  x  amount  of  precipitation^'^; 
see  next  chapter).  With  this  transformation  the  concentration  of  trace- 
substances  in  rain  becomes  somewhat  higher  as  can  be  taken  from  column  c. 

It  is  clearly  shown  that  the  concentration  of  trace-substances  in  snow 
is  nearly  twice  the  concentration  of  trace-substances  in  rain,  in  the 
case  of  SO^  even  three  times  hi^er  than  in  rain.  Only  Ca  does  not  show 
a  great  difference. 


Judging  the  '^surplus*'  of  trace-substances  in  snow  we  have  to  consider 
the  following  facts i  Within  the  clouds  the  incorporation  of  trace-substan¬ 
ces  into  the  cloud-elements  will  occur  in  the  same  way  in  all  cases  dis¬ 
cussed  here  since  during  winter  we  have  snoe-flakes  within  the  cloud, 
whether  the  precipitation  reaches  the  ground  in  the  form  of  snow  or  rain. 
Pressing- level  is  low  and  often  below  the  cloud  base  during  winter- 
months,  The  higgler  cosoentration  of  trace-substances  in  snow  flakes  as 
shown  in  Pig,  9  la  therefore  caused  by  pick-up  below  the  cloud  base. 

Snow  flakes  float  through  the  air  emd  have  a  longer  residence  time  in  the 
ground  layer  of  the  atmosphere.  Owing  to  their  large  surface  they  fall 
very  slowly  and  their  fall-velocity  does  not  increase  with  increasing 
size.  By  floating  through  the  air  sncw  flakes  sweep  a  larger  volume  of 
air  than  the  straight  falling  raindrops.  The  great  difference  in  SO^- 
concentration  is  a  further  proof  for  the  high  collection-efficiency  of 
snow-flakes  and  is  an  indication  of  the  accumulation  of  sulfate-compounds 
in  the  polluted  atmosphere  near  the  ground.  We  believe  that  the  high 

SO  -concentration  in  snow  is  not  only  caused  by  pick  up  of  particles  but 

by 

also  by  adsorption  of  SO2  followed/catalytic  oxidation. 


Relation  between  the  quantity  of  rainfall  and  the  concentration  of 
chemical  constituents  in  precipitation 

It  is  known  from  the  research  of  different  investigators  that  the  con¬ 
centration  of  trace-substances  in  rainwater  is  related  to  the  amount  of 
rain.  This  relation  was  established  by  Angstrom  &  Hbgberg  (17)  as  early 
as  1952.  Our  own  analyses  of  individual  rainfalls  showed  that  high  con¬ 
centrations  of  trace-substances  are  generally  found  in  rainfalls  amounting 
to  less  than  2  mms. 

There  exist  however  few  cases  where  low  concentrations  of  trace-substances 
are  related  to  low  amounts  of  rain.  In  no  case  high  concentrations  of 
trace-substances  were  found  when  the  amovint  of  rain  was  high. 

For  calculating  average  values  of  the  decrease  of  the  concentration  of 
trace-substances  in  rain  with  increasing  amount  of  rainfall  we  have  class!- 


fled  the  quantities  of  rain  into  different  categories  and  we  have  deter- 
nined  the  average  concentration  for  each  of  the  groups t 


1)  Prank  fort /Main 


quantity  of  mini 

below  0.} 

0.31-1.0 

1. 1-5.0 

5.1-7 

7,1-11.0 

11.0 

(«g/l) 

15.1 

5.0 

2.6 

1.9 

1.6 

t.9 

NOj  (mg/1) 

9*3 

5.8 

2.6 

2.0 

1.7 

1.2 

30^  (mg/1) 

50*5 

50.0 

19.8 

9.4 

7.0 

5.8 

Cl  (mg/1) 

17.5 

7.1 

5.4 

1.7 

1.4 

1.3 

Hos.  of  cases 

8 

22 

42 

49 

20 

15 

2)  Taunus  observatoiy 

quantity  of  rain* 

below  1,0 

1. 1-3.0 

5. 1-7.0  7 

.1-11 

,0  11.1-20 

above 

20 

(mg/l) 

2.9 

1.9 

1.6 

2.1 

1.3 

0.7 

NO^  (mg/l) 

3.5 

2.6 

1.9 

2.8 

1.4 

0.7 

SO^  (mg/l) 

9.9 

7.4 

4.0 

5.4 

4.4 

2.8 

Cl  (mg/l) 

2.5 

2.1 

1.4 

2.0 

1.6 

1.1 

Nos.  of  cases 

4 

12 

17 

13 

8 

8 

We  have  entered  these 

values  in 

a  double- 

logarithmic 

scale  in  Figs. 

10  and 

1 1 .  Fig.  10  shows  that  the  values  gained 

at  Frankfurt  do 

not  obey  a 

power- 

law.  At  quantities  helow  2  mm  rain  the  decrease  of  the  concentration  is 
sharper  than  at  higher  quantities  of  rain.  The  trend  of  the  curves  for 
the  four  components  analyzed  is  very  similar.  All  four  curves  show  the 
change  in  the  slope*  In  Fig.  10  we  have  entered  also  the  curves  valid  for 
Taunus  observatory  as  a  dashed  line.  At  quantities  of  rain  above  3  mms. 
the  Prankfurt-curvea  converge  towards  the  Taunus-curveSf  while  at  low 
quantities  of  rain  both  curves  diverge.  In  Pig.  11  we  have  entered  the 
Taunus  values.  It  can  be  seen  that  the  functions  describing  the  relation 
between  concentration  of  trace-substances  in  rain  and  amount  of  rainfall 
on  the  Taimus  ridge  obey  a  power-law.  This  can  be  expressed  in  the  follow¬ 
ing  fomt 

^0  20 

concentration  -  constant  z  cunount  of  precipitation"  ‘ 


with  th«  exponent  hawing  the  walua  between  <>0«25  (in  the  csuse  of  chloride) 
and  -0.33  (in  the  case  of  nitrate). 

The  aore  rapid  decrease  of  the  concentration  at  low  quantities  of  rain  can 
be  explained  in  the  following  wa^irt  t)  The  ground-layer  of  the  atmosphere 
in  the  Main-valley  is  heavily  polluted.  The  pollutants  are  washed  out  by 
the  rain  falling  through  this  layer  of  air  below  the  Taunus  ridge.  The 
supply  of  trace-substances  originating  from  pollution-sources  is  lisited, 
heavy  rainfalls  are  less  contaminated  by  pollution  than  light  rain. 

2)  Partial  evaporation  below  the  cloud-base  leads  also  to  an  increase  of 
the  concentration  of  trace-substances  in  rain.  Therefore  the  relative 
humidity  below  the  cloud-base  influences  also  the  concentration  of  trace- 
substances  in  the  rain  reaching  the  ground  at  Frankfurt.  The  influence 
of  partial  evaporation  is  greater  in  light  rain  than  in  heavy  rain. 

Both  effects  lead  to  a  substantial  increase  of  the  trace-substance  con¬ 
centration  particularly  in  light  rains.  The  concentration  of  rainwater 
collected  on  the  Taunus  observatory  is  determined  mainly  by  rainout  in 
clouds.  When  we  consider  only  very  heavy  rain,  yielding  amounts  around 
^0  mms,  we  see  that  the  concentration  is  more  or  leas  equal  on  Taunus 
and  at  Frankfurt. 

In  Fig.  12  we  have  compared  our  own  results  with  those  gained  by  different 
other  investigators.  The  ordinate  indicates  the  concentration  of  trace- 
substances  in  rain  in  a  logarithmic  scale  in  relative  units,  the  abscissa 
shows  the  amount  of  rain  in  a  logarithmic  scale.  The  first  five  curves 
-  Angstrom-Hogberg  in  North  Sweden,  Georgii-Weber  in  St.  Moritz,  Switzer¬ 
land,  Junge,  theoretioal  curve,  Podzimek  in  Czechoslovakia  and  Sugawara 
in  Japan  -  show  the  same  features,  namely  increasing  negative  exponent 
with  increasing  amount  of  rain.  These  relations  were  gained  from  rain¬ 
falls  in  areas  with  a  limited  supply  of  trace-substances  the  changing  slope 
indicating  that  the  rainwater  becomes  more  and  more  dilute  during  heavy 
rainfall.  The  same  shape  of  curve  applies  to  Junges  theoretical  relation 
which  considers  only  washout  and  neglects  rainout.  The  next  two  curves 
are  those  gained  at  Frankfurt  and  on  Taunus  observatory  discussed  above. 

The  curves  gained  by  Hinzpeter,  Becker  and  Reifferscheid  (16)  and  by 
Peirson,  Crooks  and  Fisher  (1$)  represent  relations  between  the  concen- 


trfttiMi  of  radlo&otivo  partioloo  attaehod  to  rain-droplato  aad  tho  aaouat 
of  precipitation.  The  agreeaent  with  our  results  gained  on  Taunua  obser¬ 
vatory  ie  reaarkably  good.  The  saae  applies  to  the  relation  gained  by 
Gorhaa  (6)  in  Horth  England.  All  these  observations  show  a  similar  trend. 
Following  Junge  we  can  state  that  this  relation  is  controlled  by  liquid 
water  content  of  clouds,  supply  of  liquid  water  and  amount  of  precipi¬ 
tation  with  additional  influence  of  evaporation,  Dingle  and  Gatz  (20) 
have  recently  inveetigated  the  scavenging  of  radioactive  fission  products 
from  the  atmosphere  by  rain.  In  their  paper  they  also  discuss  the  relation 
given  above  and  suggest  that  this  relationship  -  which  they  were  not  able  to 
substantiate  -  is  only  valid  in  a  general  way  for  a  large  number  of  obser¬ 
vations.  We  fully  agree  with  the  statement  by  Dittg.'e  and  Gatz  that  the 
relation  describes  only  the  long-term  average  but  we  must  consider  that 
in  unpolluted  areas  the  time  fluctuations  of  the  concentration  of  natural 
atmospheric  trace-substances  are  certainly  smaller  than  the  fluctuations 
of  the  concentration  of  radioactive  fallout.  This  will  explain  that  the 
scatter  of  the  individual  measurements  is  not  so  wide  in  our  case  com¬ 
pared  with  the  scatter  of  the  results  gained  by  Dingle  and  Gatz. 

In  addition  to  the  results  entered  in  Fig.  12  we  have  I’earialyzed  the 
measurements  of  precipitation  carried  out  in  Hawaii  while  the  investiga¬ 
tions  of  project  "shower*"  took  place  in  1955*  Fiif.  13  shows  a  schematic 
cross-section  through  the  Mauna  Loa-Mauna  Kea  saddle  with  the  typical 
position  of  the  orographic  cloud  according  to  W.A.  Mordy  (21 ).  Along  the 
Saddle  Road  and  the  Kulani  Road  leading  to  the  saddle  between  Mauna  toa 
and  Mauna  Kea  special  rain-gauges  were  located.  Daily  samples  of  rainwater 
were  collected  and  analyzed  along  the  following  linesi  l)  Estimation  of 
total  salt-contents  in  rain-water,  2)  Determination  of  ammonia  and  nitrate 
in  rainwater.  The  data  of  individual  analyses  were  published  by  E. 

Eriksson  (22).  Prom  xhe  great  number  of  rain-gauges  located  along  the  two 
roads  we  have  selected  four  for  our  analysis*  As  indicated  by  downward 
directed  arrows  in  Pig.  15  these  rain-gauges  were  positioned  in  300  mtrs.i 
600  mtrs.,  1000  mtrs.,  and  2000  mtra.  altitude.  Two  of  these  rain-gauges 
are  situated  below  the  orographic  cloud  (at  500  mtrs.  and  600  mtrs.), 
the  rain-gauge  at  1000  mtrs.  altitude  is  located  at  the  cloud-bnse  while 
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the  location  of  the  ralnogau^es  at  2000  strs«  altitude  is  during  most 
days  within  the  cloud.  Evaluation  of  the  chemical  data  of  daily  rainwater 
samples  with  respect  to  a  presumed  relation  between  concentration  of 
chemical  components  and  rate  of  precipitation  reveals  the  following 
interesting  features  as  shown  in  Fig.  14.  In  Fig.  14  we  have  entered  the 
salt  content  of  rainwater  (in  og/ltr)  in  dependence  of  the  amount  of  pre¬ 
cipitation  (in  mas),  both  in  logarithmic  scale.  We  find  that  at  JOO  mtrs 
and  600  mtrs  altitude  there  exists  a  relation  between  chemical  components 
and  amount  of  precipitation^  The  curve  valid  for  the  station  at  600  mtrs 
shows  some  acco3rdanoe  with  our  St.  Uoritz  curve  (Fig.  12)  and  Junges 
theoretical  curve.  The  other  striking  phenomen  is  the  fact  that  there 
exists  no  relation  whatsoever  between  chemical  concentration  of  rainwater 
and  rate  of  precipitation  in  1000  and  2000  mtrs.  altitude,  that  means  at 
those  stations  located  within  the  orographic  cloud  resp,  at  cloud-base. 

At  these  two  stations  the  precipitation  was  collected  within  the  cloud 
where  it  was  produced  and  obviously  in  such  cases  the  salt-concentration 
of  the  raindrops  is  independant  of  the  rate  of  precipitation.  The  salt- 
concentration  of  the  raindrops  collected  within  the  cloud  is  determine! 
only  by  processes  effective  within  the  cloud  and  not  by  wash-out  which 
is  effective  below  the  cloud-base.  This  result  suggests  that  the  processes 
effective  below  the  cloud-base,  neuaely  I)  wash-out,  2)  additional  absorption 
of  trace-gases  by  droplets  and  3)  partial  evaporation  of  falling  droplets 
differentiate  the  salt-content  of  rain-drops  with  respect  to  the  amount  of 
rain. 

Measurements  of  the  chemical  composition  of  individual  rainfalls  on  the 
summit  of  Ht.  Eugspitze  at  3000  mtrs.  altitude  in  the  German  Alps  re''<  *'■’ 
the  same  phenomena.  These  investigations  were  performed  with  the  kind 
assistance  of  the  personnel  of  the  German  Weather  Ser^-ice  located  on  the 
summit  which  we  acknowledge  with  thanks.  Prom  1  April  1961  to  31  March 
1962  156  samples  of  individual  rainfalls  were  collected  on  the  Zugspitze 
and  analyzed  in  our  laboratory.  Some  of  the  analyzed  components  are 
entered  in  Fig.  15«  The  HH^-concentration  of  Zugspltz-rain  as  well  as  the 
electrolytical  conductivity  (expressed  in  microaiemens/cm)  do  not  show 
any  relationship  to  the  quantity  of  rainfall.  Similar  as  is  the  case  in 
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eases  vithia  clouds  vhen  it  rains.  It  sisy  be  aentioaed  that  the  electro* 
Ijrtioal  ooaduotivitjr  of  Zucspits-raia  is  soststiass  lower  thaa  that  of 
distilled  water.  Susaarixiag  our  results  we  can  geaerally  distinct  four 
types  of  relationships  between  the  concentration  of  trace-substances  in 
rainwater  sad  ths  saouat  of  precipitation*  We  hawe  compiled  these  results 
in  Tig,  16. 

Type  I  was  found  la  Frankfurt/^,  in  the  heavily  polluted  ground  layer  of 
the  atmosphere.  We  find  a  stronger  decrease  of  the  concentration 
at  a  rate  of  precipitation  below  1  mm.  Obviously  this  is  due  to 
the  wash-out  of  the  trace-substances  accuaulated  in  the  polluted 
ground-layer. 

Type  II  is  valid  for  our  measurements  on  the  Taunus  observatory,  Mt. 

Kleiner  Feldberg  at  800  mtrs.  altitude  and  situated  above  the 
polluted  ground-layer  of  the  atmosphere.  In  this  case  the  trace- 
substance  concentration  of  the  700  mtrs.  thick  ground-layer  of 
the  atmosphere  between  Frankfurt^,  and  the  Taunus  ridge  does  not 
influence  the  result.  The  same  relationship  was  also  foxind  for  the 
concentration  of  radioactive  fission-products  in  rain  averaged 
from  seven  German  stations » for  the  radioactivity  of  rain  at 
Milford  Baven  and  at  Bedford/Mass.  as  well  as  for  the  concentration 
of  trace-substances  in  rain  in  Northern  England. 

Type  III  applies  to  locations  with  only  little  pollution  and  therefore 
negligible  supply  of  trace-substances  from  the  ground.  We  found 
this  relationship  to  be  valid  for  tJltuna/Sweden,  St.  Uorltz/Switzer 
land,  Hawaii  (below  the  orographic  cloud }(G2echo8lovakia  and  Japan) 
the  same  shape  of  curve  results  also  from  theoretical  considera¬ 
tions  by  C.  Junge  (25).  In  these  cases  the  trace-substance  content 
of  the  atmosphere  is  rapidly  reduced  with  increasing  quantity 
of  rainfall  and  a  quantity  exceeding  3  to  10  mms.  leads  only  to 
a  further  dilution  of  the  rain  which  fell  during  the  first  phase. 


any  relationship  between  ooncentmtion  of  traoe-eubstaaoes  in 
rain  wd  rate  of  rainfall,  fhis  result  l^ined  on  snumit  of 
Mt.  Zugspitze  (5000  atrs.  altitude)  and  on  the  slope  of  Mauna  Kea 
on  Hawaii  (2000  sirs,  altitude)  within  the  orographic  cloud. 

The  inveetlgatlcm  deeorlbed  in  this  ohapter  ahowa  the  influence  of  location 
altitude,  supply  of  trace-substances  and  quant'**Y  of  precipitation  for 
the  accumulation  of  trace-substances  in  rainwater.  Type  TV  suggests  that 
within  clouds  the  &a;^ority  of  drops  has  more  or  less  the  same  trace- 
substance  concentration  irrespective  of  the  size  of  drops. 


Detailed  differential  analysis  of  individual  rainfalls 

So  far  we  have  dealt  with  the  chemical  composition  of  individual  rain¬ 
falls  considering  the  total  amount  of  rainwater  collected  during  each  case 
of  rainfall.  In  the  further  course  of  our  investigation  we  have  studied 
the  behaviour  of  different  chemical  constituents  in  rainwater  during  the 
course  of  individual  rainfalls.  Our  previous  study  has  revealed  that  the 
mechanism  leading  to  the  removal  of  trace-substances  from  the  atmosphere 
and  by  this  action  to  the  accumulation  of  chemical  traces  in  cloud-  and 
raindrops  is  very  complex  and  that  it  is  difficult  to  separate  the 
different  processes  interfering  with  each  other.  A  more  differential 
analysis  seems  therefore  desirable  and  valuable. 

Measurements  of  different  chemical  components  in  rainwater  were  carried 

out  during  individual  cases  of  rainfall.  Simultaneously  the  number  of 

large  nuclei  and  Aitken-nuciei  was  continuously  recorded  applying  an 

automatic  Verzar-counter  for  the  Aitken-nuclei  and  an  automatic  iapactor 

for  the  large  resp.  the  giant  nuclei.  Fig.  17  shows  a  typical  example  of 

an  up-sllde  rain  taking  place  between  15  and  18  hra.  on  25  Feb.  I960. 

Measurements  of  SO .-concentration  smd  NH .-concentration  of  rainwater 
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during  the  rain  show  a  sharp  decrease  shortly  after  the  onset  of  rain 
reaching  a  minimum  of  the  concentration  at  about  15  hrs.  followed  by  an 
increase  of  the  concentration  towards  the  end  of  rain.  Comparing  this 
result  with  the  intensity  of  rainfall  it  can  be  noticed  that  the  15  hrs. 


of  ooneontrotlon  at  tho  end  of  rain  (after  17  hre.)  ie  related  to  a  sharp 
drop  of  rain  Inteneity.  The  continuous  production  and  supply  of  traoe- 
substanoes  leads  to  an  increase  of  the  conoentration  of  chenieal  traces 
is  rain  «hes  the  rate  of  rainfall  is  low.  With  regard  to  the  number  of 
large  and  Altken-nuelei  measured  near  the  ground  during  rain  our  results 
show  that  thsir  conoentration  is  only  infltteneed  by  heavy  rainfall.  The 
aitk«tt*nuolei  cnusher  dco]^  from  about  60000  oca  to  6^000/ob  at  the  time 
of  the  peak  rain*intensity.  In  a  later  chapter  of  this  report  more  in¬ 
formation  on  the  relation  between  concentration  of  trace-substances  in 
rain  and  rain-intensity  will  be  presented. 

In  order  to  investigate  the  influence  of  rain- intensity  on  the  concen¬ 
tration  of  Aitken-nuclei  in  the  atmosphere  at  Frank furt/Ma in  more  thorough 
ly  we  have  evaluated  the  records  of  the  automatic  Aitken-nucleus  counter. 
Fig.  18  shows  the  relation  between  Aitken-nucleus  concentration  and  rain- 
intensity.  The  numbers  in  brackets  indicate  the  ntiober  of  cases.  While 
the  average  concentration  of  996  cases  without  rain  was  60OOO/ccm  the 
number  of  Aitken-nuclei  in  the  atmosphere  at  Frankfurt/M  drops  constantly 
with  increasing  rain- intensity ,  x>eaching  a  concentration  of  57000/cm  at 
a  rain-intensity  of  2.5  ma/hr.  This  result*  reduction  of  Aitken-nuclei 
concentration  with  increasing  rain- intensity  does  not  seem  to  be  contra- 
dictionary  to  the  above  stated  result*  decrease  of  trs-ce-substance  con¬ 
centration  in  rain  with  increasing  rain- intensity  since  the  total  mass 
of  Aitken-nuclei  is  too  small  to  account  for  a  substantial  increase  of 
trace  substance  and  the  effect  of  wash-out  too  insignificant  that  attach¬ 
ment  of  Aitken-nuclei  to  rain-drops  can  account  for  a  detectable  influence 
on  the  accumulation  of  trace-substances  in  rain-water.  A  relation  between 
the  Cl-cottcentration  in  rainwater  and  the  intensity  of  rain  (decreasing 
Cl-concentration  in  rain  with  increasing  rain-intensity)  was  also  found 
by  A.H.  Woodcock  and  D.C.  Blanchard  for  Hawsii-raina  (24).  Interesting 
information  on  the  fluctuation  of  trace- substance  concentration  in  rain¬ 
water  during  the  course  of  precipitation  was  also  contributed  by  W,  Jacobi 
(25).  Jacobi  developed  a  continuous  method  for  direct  measurements  of 
short-lived  |3-actlvity  in  rain.  Simultaneous  records  of  ^  -  and 


radiation  In  air  near  ground-lerel  and  of  and  ^'^•activity  in  rain 
indicate  maxioum  values  of  activity  at  low  precipitation  rated*  Wit&tlie 

decrease  which  is  not  caused  by  decrease  f  Rn-exhalation  or  airmass 
change.  Aecoraing  to  Jacobis  assuaptioar  :he  wash-out  at  ground  level 
indicates  the  importance  of  diffusion  of  particles  to  rain-droplets.  He 
assumes  that  the  diffusion  of  RaA  is  responsible  for  this  wash-out.  From 
hie  preliminary  results  a  wash-out  efficiency  of  RaA-lons  of  about  10 
of  their  specific  activity  in  air  per  vm  rainfall  can  be  eatimated. 

Our  own  measurements  of  Aitken  nuclei  and  large  nuclei  male  during  rain¬ 
fall  show  however  that  obviously  the  rainfall  and  connected  with  this 
the  particle  wash-out  is  only  effective  in  heavy  rain  that  means  at  rain- 
intensities  above  1  mm/hr.  Only  such  intense  rainfalls  may  really  reduce 
the  ground-level  aerosol  concentration.  In  all  other  cases  the  quantity 
of  particles  washed-out  is  replaced  by  the  continuous  supply  of  freshly 
produced  aerosols. 


Continuous  records  of  the  electrolytical  conductivity  of  rainwater 

The  differential  analysis  of  chemical  components  in  rainwater  during  rain¬ 
fall  is  a  very  time-consuming  and  laborous  task.  On  the  other  hand  it  is 
not  possible  to  record  many  different  chemical  components  continuously 
during  the  fall  of  rain. 

As  mentioned  in  an  earlier  chapter  of  this  report,  the  electrolytical 
conductivity  of  rainwater  is  an  excellent  indicator  for  the  total  con¬ 
centration  of  inorganic  ions  in  rainwater  and  by  this  for  the  total 
trace-substance  concentration.  The  fluctuations  and  time-variations  of 
the  trace-substance  concentration  during  rainfall  can  easily  be  studied 
by  continuous  records  of  the  electrolytical  conductivity. 
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The  method  applied  was  the  followingt  A  collecting  funnel  with  0*5  m 
surface  was  placed  on  the  roof  of  the  institute's  building.  The  rainwater 
IS  led  through  a  polyethylene  tube  and  passed  through  a  cell  taking  10  com 


Of  water.  Tne  platmuA 


were  coated  with  a  thin  layer  of  plati- 


nuB  chloride  to  prevent  polarization.  iHbw  a  aehematio 


o;?- ihg -iaat^  used  whloh  inclndee  a  oontlnaotui  reoordln 

l^'sseter,  continuous  recording  conductivity •meter  and  instruffleatatlon 
for  ffieaaurihg  the  total  beta>aotivity  of  rainwater.  In  our  Annual  Report 
No  2  (August  1961)  and  in  Annual  Report  No  3  (December  19^2)  we  had 
published  a  number  of  records  of  the  trace-substance  concentration  in 
rainfalls. 


In  the  meantime  a  great  number  of  cases  has  been  recorded  showing  some 
characteristic  features  which  we  will  discuss  in  the  following  typical 

examples . 


Fig.  20  shows  an  individual  shower.  The  electrolytical  conductivity, 
indicating  the  concentration  of  trace-substances  in  rainwater,  drops 
sharply  after  the  beginning  of  rain.  At  the  same  time  the  intensity  of 
rain  increases.  On  tne  other  hand  with  the  decrease  of  the  rain-intensity 
tcv:nrdc  th;  end  of  the  shower  an  increase  of  the  trace-substance  concen- 
t'-ation  in  rainwater  is  connected.  Pig.  20  shows  a  typical  example  of 
the  inverse  relation  betvYeen  intensity  of  rain  and  trace-substance  con¬ 
centration  which  can  be  found  in  the  majority  of  showers.  It  is  further¬ 
more  of  great  interest  to  see  that  the  level  of  the  cloud-base  lifts 
towards  the  end  of  the  shower.  This  causes  an  increase  of  the  cloud-free 
layer  through  which  the  raindrops  fall  before  reaching  the  ground.  When 
the  cloud-base  raises  the  chance  for  droplet-evaporation  increases. 
Therefore  the  increase  of  the  electrolytical  conductivity  towards  the  end 
of  the  shower  can  very  well  be  caused  by  the  partial  evaporation  of 
falling  raindrops.  This  would  be  In  agreement  with  assumptions  by  Hosier, 
Salter  and  Kruger  (26),  In  the  upper  part  of  Pig.  20  we  have  entered 
the  S02-concentration  in  the  atmosphere  during  the  time  of  the  shower 
which  shows  a  drop  of  the  concentration  while  it  is  raining.  Also  the 
wind-distribution  has  been  entered. 


Fig.  21  shows  the  fluctuation  of  trace-substance  concentration  during  a 
aeries  of  chowors.  Each  shower  is  connected  with  the  next  one  by  slight 
rain  and  at  the  beginning  of  each  of  the  showers  the  concentration  shows 


a  peak*  It  ean  however  be  noticed  that  the  peak*hei£^t  of  consecutive 
■ahflnera  dmia  inrtiaatine-  that  the  aupplv  of  trftoe.aubetaneea 

fed  into  the  clouds  is  liaited*  We  oan  deduce  froa  the  observations  that 
each  shower  is  produced  froa  its  own  shower-cell.  The  aain  part  of 
trace-substances  is  incorporated  into  the  cloud-droplets  by  rainout. 

When  the  shower  starts  the  accumulated  amount  of  trace^substances  is 
brought  down  to  the  ground  by  falling  raindrops*  Except  for  shower  6  a 
downward  trend  of  the  record  of  electrolyt leal  conductivity  exists.  Be¬ 
sides  the  intensity  of  rainfall  we  have  also  entered  the  atmospheric 
SOj-concentration  and  the  average  wind-velocity. 

Pig.  22  shows  the  electrolytical  conductivity  of  a  series  of  showers 
measured  between  11,00  hrs.  and  16.00  hrs.  on  13  July  I961,  During  each 
one  of  the  four  showers  the  electrolytical  conductivity  drops  but  it 
is  higher  at  the  beginning  of  the  next  consecutive  shower  compared  with 
the  end  of  the  previous  one. 

This  indicates  a  fresh  supply  of  trace-substances  into  the  clouds  during 
the  dry  interval  between  two  showers.  Besides  the  measurements  of  the 
electrolytical  conductivity  we  have  entered  some  results  of  analyses  of 
the  NCj-concentration  in  rainwater.  The  general  trend  of  the  NO^-variat- 
ions  agrees  well  with  that  of  the  electrolytical  conductivity. 

In  the  upper  part  of  Fig.  22  we  have  plotted  the  SOg-concentration  of 
ground-level  air  during  the  showers.  These  records  suggest  a  slight  drop 
of  the  SOj-concentration  at  the  time  of  the  maximum  of  shower- intensity. 
It  can  generally  be  stated  that  the  S02-content  of  the  air  in  the  groxuid- 
layer  of  the  atmosphere  is  not  much  affected  by  rain. 

In  the  lower  part  of  Pig.  22  we  have  plotted  the  net  total  electrolytical 
conductivity  (and  NOj-concentration)  of  rainwater  independance  of  the 
total  amount  of  rain  fallen  during  the  four  showers.  This  diagram  shows 
the  conductivity  of  the  total  sample  (resp.  the  NO^-concentration  of 
the  total  sample)^  against  the  quantity  of  rain^V^,  It  can  be 

seen  the  cximulative  conductivity  (or  NOj-concentration)  K  (averaged  from 


consist  of  water  hawing  nearly  the  sane  purity  as  distilled  water.  ing*2t 
aiiggesta  that  towards  the  end  of  each  shower  a  dilution  prooesa  takes 
place  diluting  the  initially  hi^  salt  content  of  rainwater  fallen  at 
the  beginning  of  the  shower.  In  the  time  interval  between  two  showers 
the  traee<*8ubstanoe  concentration  of  the  atmosphere  la  regenerated  and 
we  can  also  aaswM  that  each  shower  is  genexsted  from  individual  cloud* 
cells  which  would  explain  the  high  conductivity  at  the  beginning  of  each 
individual  shower.  Comparison  of  our  data  of  eleotrolytical  conductivity 
with  those  gained  by  R.  Sikana  (12)  in  Sweden  and  A.K.  Mtikherjee  (2?)  in 
India  reveals  that  the  eleotrolytical  conductivity  of  Frankfurt -rains 
is  about  twice  (compared  with  Siksna)  to  five  times  (compered  with  Mukher- 
jee)  higher  being  a  result  of  the  hi^er  concentration  of  atmospheric 
trace-Bubsteinces  in  middle  Europe. 

Fig.  25  shows  an  example  of  continuous  rain.  Again  we  have  entered  four 
different  components  which  were  simultaneously  recorded  -  wind-velocity 
(m/sec),  S02-concentration  (mg/m^),  rain  intensity  (mm/hr)  and  the  elec- 
trolytical  conductivity  of  rainwater  (yUjiS/cm).  This  rainfall  was  con¬ 
nected  with  the  passage  of  a  warrafront^  It  can  be  seen  that  the  electro- 
lytical  conductivity  decreases  sharply  during  the  first  two  hours  of 
rainfall  and  remains  more  or  less  constant  during  the  remaining  part  of 
the  rain.  This  is  typical  for  rain  connected  with  slow  upalide  motions 
in  the  atmosphere  in  contrast  to  showers  in  which  case  the  electrolytical 
conductivity  shows  much  more  intense  fluctuations. 

It  is  interesting  to  note  that  the  SOg-concentration  of  the  atmosphere 
shows  a  similar  trend  ae  the  concentration  of  trace-substances  in  rain¬ 
water.  During  the  first  two  hours  of  rainfall  the  SOo-concentration  drops 
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with  heavy  fluctuations  from  approximately  0.6  mg/ar  to  0,2  mg/m^.  After 
15«00  hrs.  when  the  intensity  of  the  rain  becomes  very  low  and  particu¬ 
larly  during  the  dry  spell  between  16.00  hrs.  and  17»00  hrs.  the  SO2- 
concentration  increases  again.  With  the  beginning  of  the  rain  after  17.OO 
hrs.  another  drop  of  the  S02~concentration  can  be  observed  which  continues 


to  the  end  of  the  rain. 

Fig.  24  nhova  a  sinilar  case.  The  rainfall  was  connected  with  the  iiaasage 
of  a  warmfront.  The  trend  of  the  electrolytical  conductivity  Is  very  ouch 
like  that  shown  In  Pig.  25*  Here  details  of  these  eases  of  continuous 
rain  eonneeted  with  upslids  stotions  have  been  given  hy  Georgii  (26)  else¬ 
where  . 

Summarizing  these  results  of  the  investigation  of  trend  and  fluctuation 
of  the  trace -substance  concentration  in  rainwater  during  the  course  of 
individual  rainfall  we  can  standardize  all  eases  into  three  categories 
1)  showerst  2}  series  of  showerst  3)  continuoxis  rain.  The  behaviour  of 
the  electrolytical  conductivity  of  rainwater  in  relation  to  the  intensity 
of  rainfall  is  schematically  shown  in  Pig.  25  for  these  three  categories. 
Individual  showers  have  an  inverse  relation  between  rain-intensity  and 
trace-substance  concentration  in  rainwater.  During  a  series  of  showers 
we  find  a  general  decrease  of  the  trace-substance  concentration  during 
the  course  of  the  different  showers,  there  are  however  heavy  fluctuations 
to  be  observed  during  each  shower  and  every  time  the  intensity  of  the 
shower  increases  the  trace-substance  concentration  shows  also  a  peak. 

The  fluctuations  of  the  electrolytical  conductivity  are  therefore  very 
intensive.  Continuous  rain  shows  a  much  smoother  record.  In  most  cases 
the  trace-substance  concentration  drops  sharply  at  the  beginning  of  the 
rain  and  remains  more  or  less  constant  during  the  further  course  of  the 
rain.  Fluctuations  of  intensity  and  electrolytical  conductivity  are  small. 


Relation  between  the  intensity  of  rainfall  and  the  concentration  of  trac^ 
substances  in  showers 

The  records  of  the  trace-substance  concentration  in  rainwater  gained 
during  showers  revealed  that  in  most  cases  high  concentrations  arc  con¬ 
nected  with  low  intensities  of  rainfall  while  low  concentrations  occur 
during  periods  of  high  intensity  of  ralnlall.  We  have  investigated  these 


rolatloas  for  a  number  of  cases  and  entered  the  results  In  Fig*  2S.  The 
examples  entered  in  this  diagram  are  arranged  according  to  inoreasing 
intensity  of  rain.  It  can  easily  be  seen  that  Inoreasing  intensity  is 
connected  with  a  decrease  of  the  trace-substance  concentration.  On  the 
rii^t  side  of  Fig.  26  we  have  suaaariaed  the  ten  oases  and  shown  the 
average  trend  between  concentration,  plotted  as  electrolytieal  conduetl- 
vity  and  rain- intensity.  This  summarizing  curve  shows  that  the  concen¬ 
tration  decreases  with  increasing  intensity  according  to  the  following 

eq^uationt  -0.33 

K  -  const.  X  I 

This  relation  is  a  first  approximation  for  the  relation  between  rain- 
intensity  in  showers  and  trace-substance  concentration.  The  power-law 
is  not  exactly  valid  since  the  slope  of  the  curve  in  the  double-loga¬ 
rithmic  presentation  has  a  downward  trend  when  hi^er  intensities  are 
concerned.  This  indicates  a  deficiency  in  the  supply  of  additional  trace- 
substances  at  high  intensities  of  rain.  Below  this  summarizing  curve  we 
have  entered  in  Fig.  26  two  additional  curves  comparing  our  own  results 
'vith  theoretical  calculations  by  Jacobi  (29).  In  his  computations  Jacobi 
considered  only  rainout  and  the  collection  of  cloud-droplets  by  falling 
raindrops.  His  curves  indicate  the  relation  between  rain- intensity  and 
concentration  of  radioactive  traces  in  rainwater.  He  aesvimes  a  constant 
droplet-size  distribution  In  Stratus  respective  Cumulus-clouds  during 
the  rain  and  a  given  concentration  of  radioactive  material  in  the  cloud- 
droplets.  We  see  that  his  ourve  for  Cumulus  clouds  shows  quite  good  agree¬ 
ment  with  our  curve  based  on  observations. 

To  explain  the  relation  between  intensity  of  rainfall  and  trace-substance 
concentration  in  rainwater,  we  have  to  mention  the  following  factst 

As  a  first  approximation  we  can  assume  that  the  nvuuber  of  drops  per  unit 
volume  be  constant  and  that  a  change  of  the  intensity  of  rain  is  caused 
by  a  change  of  drop  size.  This  could  be  expressed  in  the  following  wayt 

KA#I  ■“  *  X«vr  “  ^ 

The  concentration  would  not  only  be  inversely  proportional  to  the  in¬ 
tensity  but  also  to  the  average  size  of  raindrop.  According  to  our  obser¬ 
vations  the  relationship  would  be 


by  Turner  (30)  who  found  that  the  salinity  of  snail  drops  is  hi^sr  than 
that  of  large  drops. 

Stierstadt  and  Kadereit  (31 )  using  a  raindrop  spectrometer  of  own  design 
investigated  the  specific  activity  of  rain  in  dependanoe  of  the  drop 
sits.  In  rgreement  with  Turners  results  they  also  found  -  In  their  case 
for  radioactivity  -  that  the  specific  activity  of  raindrops  decreases 
with  increasing  drop-size.  They  give  the  following  values* 


average  diameter  of  drops 
0.5  mm 
0.65  mm 
0.9  mm 

1 . 2  nun 


specific  activity 
1.0 
0.74 

0.73 

0.61 


W'.th  respect  to  the  assumptions  made,  namely  that  a  change  of  rain-inton- 

ty  is  connected  with  a  change  of  drop-size*  these  are  supported  by 

investigations  carried  out  by  Best  (32).  He  found  that  the  average  drop-- 

size  increases  with  increasing  rain-intonsity  according  to  the  empirical 

•equation?  n  loo 

r  (nm)  =  0.55  x  i  *  ^^(mm/hr) 

drunew  (5?)  investigated  fluctuations  of  the  rain-intensity  in  relation 
to  the  change  of  the  average  drop-size  and  to  the  change  of  the  drop- 
ivumlicr  per  unit  volume.  He  found  that  in  the  case  of  continuous  rain 
connected  with  upslide-aotions  the  variations  of  the  intensity  are  pro¬ 
portional  to  the  drop-size  while  the  number  of  drops  changes  only  slight¬ 
ly,  In  the  case  of  showers  variations  of  the  rain- intensity  are  connected 
with  changes  of  the  average  drop-size  as  well  as  with  changes  of  the 
nomcer  of  drops.  Finally,  in  the  case  of  showers  connected  with  the 
passage  of  cold-fronts  variations  of  the  rain- intensity  are  mainly  re¬ 
lated  to  variations  of  the  number  of  drops.  The  results  of  Grunows  in¬ 
vestigations  present  a  rather  complex  picture  of  these  variations  in  the 
structure  of  precipitation  which  obviously  require  a  more  detailed  study. 


were  carried  otti  at  tiicea  atatiima  in  di/^er«nt  altitndaa» 

?rtnkrttrt/ialn»  faiums  ebaarratotjTi  Xlaiaar  Peldberg  (800  atra.  aXtitade) 
and  Zuimpitse  (29^0  ntra.  altiti;^«)*  Itoing  the  onurae  of  theae  inveati- 
gatlona  the  euaiftit  of  the  Z\i^apitze  waa  frequently  within  clouds »  the 
Taunua  ohaervatory,  when  in  clouds,  was  nostly  very  near  the  cloud  base 
while  our  station  at  Pranhfurt  was  below  the  cloud-haae  in  the  saiority 
of  cases. 

For  the  sampling  of  oloud-watcr  a  device  as  illustrated  in  Annual  Rep. 

No  3  was  used.  Under  a  cover  to  prevent  intrusion  of  rain  a  cylindrical 
plastic  wire-mesh  collects  the  cloud-drops  from  the  air-volurae  passing 
the  mesh.  The  fog  collector  is  mounted  on  a  normal  rain-gauge.  Instru¬ 
ments  of  this  type  have  been  successfully  used  by  Grunow  (?4). 

A  summary  of  the  results  of  chemical  analyses  in  non-precipitating  and 
in  precipitating  clouds  shows  Fig.  27.  Here  we  have  entered  the  average 
values  of  the  electrolytlcal  conductivity  of  cloud-  and  rainwater 
collected  at  the  three  different  sampling-stations.  The  electrolytlcal 
conductivity  represents  a  true  picture  of  the  total  concentration  of 
soluble  inorganic  components  in  the  samples. 

With  regard  to  budget-considerations  we  will  discuss  non-precipitating 
clouds  at  first!  As  can  be  seen  in  Fig.  2^  the  concentration  of  trace- 
substances  in  cloud-water  is  very  high  near  the  cloud-base.  The  high 
values  of  electrolytlcal  conductivity  near  the  cloud-base  can  be  ex¬ 
plained  by  1),  the  supply  of  trace-substances  from  the  ground  carried 
upwards  and  collected  by  the  cloud-droplets  near  the  condensation- level, 
and  2)  by  the  low  liquid-water  content  of  the  cloud  near  the  cloud-base. 

Within  the  cloud  we  find  with  increasing  altitude  a  decrease  of  the 
electrolytlcal  conductivity  of  cloud-water.  In  3000  mtrs.  altitude  the 
concentration  of  the  cloud-water  amounts  to  only  approximately  15  of 
the  values  found  in  600  mtrs.  altitude.  This  dilution  can  be  explained 
l)  by  the  lack  of  additional  supply  of  trace-substanocs  with  increasing 


an4  3}  bj  the  inereasia^  vatei*  eontest  of  the  ciemii  eet 

free  hjr  oondonaatioo  vith  inoreaoiaf  altitude. 

With  respect  to  precipitating  clouds  we  receive  the  following  picture t 
The  oonoefitration  of  traoe-suhataacea  in  rainwater  in  3000  atrs.  alti« 
tttde  ia  of  the  aam  order  of  nagnitudo  aa  in  cloud-water.  This  is  to 
he  expected  alaoe  the  fomation  of  proeipitation-eleisents  talcoa  place 
in  hi^er  levels  of  the  oload.  Poriag  the  fall  of  the  preclpitatlon- 
elemente  throu£^  the  cloud  their  concentration  with  reepect  to  chenical 
components  doea  not  increase  furthermore.  The  electrolytical  conductivity 
of  rain  in  600  mtre.  altitude  ie  not  higher  than  in  3000  mtrs.  provided 
that  the  lower  sampling-station  is  within  the  precipitating-cloud. 

Only  during  the  fell  of  the  precipitation-elements  through  the  cloud- 
free  zone  below  the  cloud-base  wc  observe  an  increase  of  the  chemical 
concentration  of  rain-water  due  to  "wash-out"  as  well  as  by  partial 
evaporation  of  the  rain-drops  during  their  fall  through  the  unsaturated 
air-  This  increase  of  the  concentration  of  trace-substances  which  can 
be  attributed  to  wash-out  aa  well  as  evaporation  amounts  from  20  7S  to 
40  of  the  total  concentration  of  trace-substances  in  rain-water  at 
ground- level. 

The  survey  given  above  and  demonstrated  in  the  schematic  diagram  of 
Pig.  27  permits  the  conclusion  that  on  the  average  approximately  2/3  of 
the  trace-substance  concentration  found  in  rain-water  at  ground-level 
has  been  incorporated  within  the  clouds  and  l/5  can  be  attributed  to 
processes  taking  place  below  the  cloud-base* 

This  ratio  fluotuates  of  course  from  case  to  case.  The  evaluation  of 
94  cases  of  precipitation  on  the  Zugspitze  resp.  JO  on  Kl.  Peldbcrg/ 
Taunus  during  1 961/62  and  of  2?  analyses  of  cloud-water  samples  on 
Zugspitze  resp.  40  samples  on  Kl.  Feldborg/Taunua  during  the  same  period 
show  that  the  ratio  of  "rain-out"  (incorporation  within  clouds)  to 
"wash-out"  (impaction  below  the  cloud-base)  depends  strongly  on  the 
amount  of  rainfall.  When  the  amount  of  rainfall  does  not  exceed  1  mnti 
the  contribution  of  "wash-out"  and  evaporation  to  the  total  concentration 


of  trfte8-8ttbsta&oe0  aay  aaouat  to  60  while  it  aay  drop  oolow  20  ^ 
when  the  aaotmt  of  rsinfall  exceeds  3  me* 

The  ratio  of  the  conoentration  of  traoe*aub8tances  in  precipitation  to 
the  ooncentratiou  in  oloud*«ater  ▼arias  also  with  respect  to  the  different 
chemical  components.  The  data  presented  in  tho  survey  in  Pi 2?  lack 
under  the  condition  that  the  three  sampling  stations  are  separated  ^  a 
large  horiiental  distance.  Buring  summer  1965  we  were  able  to  organise 
four  eamplittg  stations  for  cloud-  and  rainwater  near  Innsbruck-Austria. 

We  arc  grateful  to  Professor  Hoinkes,  department  of  Meteorology  and 
Geophysics.  University  of  Innsbruck  and  his  colleagues  for  the  cooperat¬ 
ion  extended  to  us. 

These  sampling  stations  are  separated  by  a  vertical  distance  of  1800  otrs. 
and  a  horizontal  distance  of  only  6.5  kms.  Pig.  26  shows  a  vertical 
profile  of  the  four  stations.  Under  these  provisions  we  are  certain  that 
the  rain  falling  at  these  four  sampling  stations  originates  from  the 
same  precipitation-process ,  that  means  from  the  same  c 3- cud- system.  Apart 
from  that,  the  two  stations  in  1800  mtrs.  altitude  and  in  2JOO  mtrs. 
altitude  are  inside  the  clouds,  when  it  rains.  We  can  therefore  distin¬ 
guish  between  the  incorporation  of  trace-substances  into  rain-elements 
by  rainout  and  by  washout. 

During  summer  1965  we  have  analyzed  ten  cases  of  rainfall  which  were 
collected  during  simultaneous  rainfalls  at  the  four  stations.  In  Fig.  29 
we  have  plotted  the  results*  It  can  be  seen  that  the  amount  of  rainfall 
which  was  recorded  at  Innsbruck  -  base-station  was  only  about  70  fS  of 
that  recozrded  at  the  same  tine  on  Hafelokar.  The  amount  of  rain  on 
Hafelekar  was  nomalizod  to  100  fS.  This  increase  of  the  quantity  of  rain 
with  increasing  altitude  is  a  well-known  fact  to  meteorologists.  The 
electrolytical  conductivity  representing  the  total-trace-substance  con¬ 
centration  in  rainwater  on  Hafelekar  is  63  /■>  when  we  normalize  the 
Innsbruck-value  to  100  This  is  in  agreement  witn  the  data  given  in 
the  survey  in  Pig.  2?  showing  that  about  2/3  of  the  total  trace-subs tancs 
concentration  measured  at  the  ground  had  been  incorporated  inside  the 


saittly  ^  raimmi  i^ile  sbeia'i;  i/5  of  the  toial  tTaoe-sul^taaioes 
have  baea  iaoon^orated  beloo  the  olood-base  and  are  &  result  of  washout 
and  ]^tial  evaporation. 

With  respect  to  the  individual  ions  analysed^  Fig,  29  shows  a  considerable 
difference  with  respect  to  the  decrease  of  concentration  with  altitude. 
While  the  9a-eonoentration  decreases  <|uite  strongly  and  was  found  to  be 
only  20  ^  on  Hafelekar  oonpared  with  the  Inns  bruok- value  the  oonoentration 
of  Chloride  In  rainwater  is  80  on  Hafelekar  conpared  with  the  Innsbruck- 
value. . 


Conclusions 

The  cheeical  analysis  of  individual  rainfalls  reveals  a  decrease  of  the 
concentration  of  trace-substances  with  increasing  quantity  of  rainfall. 
Pour  different  types  of  the  relationship  can  be  established.  The  validity 
of  each  type  depends  on  the  location  of  the  sampling  station  and  the 
supply  of  atmospheric  trace-substances  into  the  raining  clouds.  Investi¬ 
gations  on  mountain  tops  inside  clouds  show  that  this  type  of  relation 
does  not  hold  for  rain  collected  within  clouds.  This  stresses  the  im¬ 
portance  of  the  processes  taking  place  below  the  cloud-base  (washout 
and  evaporation)  for  establishing  the  relation  between  concentration 
of  trace-subatancea  and  quantity  of  rain. 

Analysis  of  the  traco-substemce  concentration  in  rain  and  snow  carried 
out  simultaneously  during  the  winter- period  emphasise  the  high  collection 
efficiency  of  snow-fledces  below  the  cloud-base. 

Detailed  analysis  of  chemical  components  in  rainwater  during  the  course 
of  individual  rainfalls  and  continuous  records  of  the  electrolytical 
conductivity  show  that  variations  of  the  trace- substance  concentration 
of  rainwater  are  influenced  by  changes  of  rain-intensity  and  by  changes 
of  the  altitude  of  the  cloud- base. 


Investigatlo&e  carried  oat  at  stationa  in  different  altitudes  present 

■tion  on  the  relatiTe  iaportanoe  of  rainont  and  washout,  dpproxi- 
natelj  30  ^  to  80  of  the  total  concentration  of  traoe^substwoes 
measured  at  the  groimd  are  incorporated  inside  the  clouds.  The  exact 
ratio  rainout/washout  depends  very  much  on  the  quantity  of  rain  fallen 
during  each  individual  oase  of  proo Imitation. 

Besides  aerosol-particles  soluble  gas-treees  are  incorporated  into 
cloud-  and  raindrops.  Estimations  on  the  importance  of  gas  absorption 
for  precipitation  chemistry  Indicate  that  this  process  may  contribute 
considerably  to  the  total  trace^substanoc  concentration  in  rainwater. 

This  has  been  demonstrated  by  preliminary  experiments.  These  investigations 
aiming  to  determine  the  collection  efficiency  of  droplets  for  gas  traces 
will  be  continued  with  an  instrumental  setup  representing  more  closely 
atmospheric  conditions.  It  will  also  be  necessary  to  conduct  more 
research  on  the  partial  evaporation  of  drops  during  their  fall  through 
the  cloud-frce  layer  below  the  cloud-base. 

The  authors  gratefully  acknowledge  the  assistance  given  by  the  personnel 
of  the  Germsm  weather  service  on  Zugspitz-observatory ,  by  Professor 
Hoinkes  and  Miss  I.  Lauffer  of  the  Department  of  Xeteorology  and  Geo¬ 
physics,  University  of  Innsbruck,  by  Dr.  Stierstadt  of  the  Department 
of  Physics,  University  of  Uunich  and  by  the  scientific  and  technical 
personnel  of  the  Department  of  Meteorology  and  Geophysics,  University 
of  Frankfurt. 
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